A segmental series of endoderm-derived pouch and ectoderm-derived cleft epithelia act as signaling centers in the developing face. Their precise morphogenesis is therefore essential for proper patterning of the vertebrate head. Intercellular adhesion and polarity are highly dynamic within developing facial epithelial cells, with signaling from the adjacent mesenchyme controlling both epithelial character and directional migration. Endodermal and ectodermal epithelia fuse to form the primary mouth and gill slits, which involves basement membrane dissolution, cell intercalations, and apoptosis, as well as undergo further morphogenesis to generate the middle ear cavity and glands of the neck. Recent studies of facial epithelia are revealing both core programs of epithelial morphogenesis and insights into the coordinated assembly of the vertebrate head.
Introduction
While epithelial branches of the pharyngeal endoderm (pouches) grow outwards, ectodermal epithelia (stomodeum and clefts) grow inwards to meet them. The anterior endoderm and stomodeum (i.e. oral ectoderm) fuse to form the primary mouth, and fusions of the pouches and clefts form the gill slits of fishes (Figure 1a, b) . Perforation and lumenization of these mixed epithelia then allow communication between the external world and the internal respiratory and digestive systems. These epithelia also induce the formation of bones and cartilages from adjacent neural-crest-derived cells (NCCs) of the pharyngeal arches, an evolutionary adaptation of vertebrates that provides rigid support of the mouth and gills. The ability of endodermal epithelia to pattern the facial skeleton has been beautifully demonstrated in avians, with grafts of particular domains of endoderm inducing ectopic facial cartilages and bones of specific morphologies [1] . Moreover, analysis of zebrafish integrina5 mutants showed that the first endodermal pouch was required to not only organize skeleton in a particular region of the head but also muscle and nerve, thus placing endodermal epithelia near the top of hierarchical tissue patterning in the head [2] . Stomodeal ectoderm-endoderm and cleft-pouch interfaces are high in expression of important morphogens, such as Fibroblast growth factors (Fgfs) and Hedgehogs (Hhs), and are initiation sites for the further morphogenesis of glands (e.g. thymus, parathyroid, and thyroid), the middle ear cavity, and the highly branched gill filaments of fishes (Figure 1c,d ) [3] [4] [5] . Thus, an appreciation of how these epithelia develop in relation to one another is critical for understanding how many features of the head arise.
Recent studies are shedding light on the genetic control of epithelial cell behaviors in the developing face (Table 1) . Epithelial cells can change their shapes from cuboidal to columnar, reorganize into complex branches, alter their organization from single to multilayered, dissolve into mesenchymal cells (an epithelial to mesenchymal transition -EMT) or arise from these (a mesenchymal to epithelial transition -MET), and specialize into an array of functional types ( Figure 2) [6]. All these epithelial cell behaviors can be observed in the developing face, where they are controlled in exquisitely local and reproducible patterns through interactions with the adjacent mesenchyme. Here, we focus on how signaling pathways control the adhesion, polarity, migration, proliferation, survival, and extracellular matrix content of epithelial cells lining the vertebrate pharynx.
Segmentation of the pharyngeal endoderm into pouches
A distinctive feature of pharyngeal pouches is their segmental nature, arising in the embryo in an orderly anterior to posterior progression. The segmentation of the pharyngeal endodermal epithelium is an ancestral character of perhaps all deuterostomes. Pharyngeal pouches are present in hemichordate worms, putative stem-echinoderms (Stylophora, an extinct group allied to the echinoderms), and stem-deuterostomes (Yunnanozoan, an extinct group of metazoans) [7] [8] [9] . Moreover, many of the same genes (e.g. Pax1/9, Eya, and Six1 homologs) are expressed in developing pouches not only in vertebrates but also in chordates and hemichordates [8, 10] . The number of pouches is highly variable, with chordates and jawless vertebrates having many more pouches than the four to six seen in most jawed vertebrates [11] . This variable number of segments during evolution suggests an indeterminate process of segmentation, as seen for segmentation of trunk mesoderm into somites, yet we know surprisingly little about the underlying basis of pharyngeal segmentation. While it is possible that segmentation is intrinsic to the endoderm, there is increasing evidence that segmentation of the adjacent mesoderm secondarily induces endodermal segmentation. There have been observations of early segments of head mesoderm, called somitomeres, though these lack the clear morphological boundaries seen for trunk somites [12, 13] . However, recent studies have revealed the segmental expression of patterning genes, such as wnt11r and fgf8a, in the facial mesoderm of zebrafish prior to pouch formation, supporting the idea of cryptic somitomere segments with the potential to impart segmentation on the endoderm [14,15].
One of the earliest known markers of pharyngeal endoderm segmentation is Fgf activity. In zebrafish, expression of the Fgf reporter dusp6:GFP and the fgf3 ligand can be seen in segmental clusters of cells prior to the onset of pouch morphogenesis [15] , and genetic loss of Fgf8, Fgf3, or the Fgfr1 receptor, as well as chemical inhibition of Fgf signaling, result in loss of pouches in mice, zebrafish, and lampreys (one of two groups of extant jawless vertebrates) [16] [17] [18] [19] [20] . However, it remains unclear the extent to which Fgf signaling promotes the survival and morphogenesis of pouch endoderm as opposed to its segmentation per se. The Tbx1 transcription factor is another important molecule implicated in pouch formation across vertebrates. In mice, Tbx1 expression appears to mark nascent pouch regions while the related Tbx2 and Tbx3 factors are expressed in inter-pouch zones of endoderm [21, 22] . However, Tbx1 was found to be dispensable for early segmental Fgf activity in zebrafish and endodermal Fgf activity in mice [15, 23] , instead having important requirements in the mesoderm for the subsequent morphogenesis of endodermal segments as discussed below.
Dynamic epithelial states in endodermal budding
While epithelia generally consist of adherent sheets of polarized cells [6] , it is increasingly appreciated that cells exist along an epithelia to mesenchyme continuum during development. A common theme in endodermal budding of the pouches and thyroid, as well as the pancreas, is the transition of a monolayer of columnar epithelial cells to multilayered cells of a more rounded appearance [14, 24, 25] . The accompanying downregulation of adhesion and polarity may promote the rearrangements and collective movements of these cells during the budding process [14, 25] . In a study of pouch formation in zebrafish, direct in vivo measurements revealed increased mobility of cadherin-catenin complexes during the multilayering process, which was interpreted as reflecting decreased adhesiveness conducive to cell migration [14] . For both the pouches and thyroid, signaling from a domain of mesoderm that generates both ventral facial muscles and heart tissue is critical for the multilayering and collective migration of endodermal epithelial cells (Table 1) [14,26,27]. In particular, mesodermal Tbx1 drives expression of Wnt11r, which downregulates adhesion and polarity in the endodermal epithelium through the small GTPase Rac1, as well as Fgf8a which acts as a chemoattractant to guide the collective migration of these "loosened" cells towards the ectoderm [14, 15] . Interactions of epithelial cells with the extracellular matrix are also critical as pouches fail to form in zebrafish mutant for integrina5 or fibronectin [2, 28] .
Once migrating pouch cells have reached the ectodermal clefts, an opposite transition occurs whereby cells reacquire a columnar epithelial shape and organize into bilayers (Table 1) [14]. Contact of the growing pouches with clefts induces ectodermal expression of Wnt4a, which in turn signals back to pouch epithelial cells through Cdc42 to induce the localization of the immunoglobulin-domain protein Alcama to cell-cell junctions [14, 15] . Alcama may function as a regulatory adhesion protein that restabilizes adherens junctions in maturing epithelia, though whether it does so through direct interactions with cadherin-catenin complexes remains unknown [14] . Wnt4a has also been found to act together with Ephephrin signaling to activate the Pak2a kinase, which further stabilizes adherens junctions to promote strong adhesion within maturing pouch epithelia [29] . Once stabilized into bilayers, work in avians shows that pouches may be elongated through actin-mediated contractions [30] . Finally, while the segmentation of pharyngeal endoderm into pouches does not appear to require NCCs [31,32], pouches are much shorter in the absence of NCCs in zebrafish, suggesting either a signaling or mechanical role of NCCs in pouch elongation [33] .
Tissue interactions and formation of epithelial derivatives
Depending on the species, epithelial cells of the majority of pouches and clefts fuse upon contact and, in the case of fishes, lumenize to allow passage of water over the gills. Virtually nothing is known about the genetic control of the invagination of clefts and their fusion with pouches. Cleft epithelial cells have been observed to extend filopodia towards budding pouches, and a recent morphological analysis in avians and zebrafish showed dissolution of the basement membrane separating endodermal and ectodermal epithelia during fusion, as well as localized cell death at pouch/cleft contact points (Table 1) Pouch-cleft contacts are also initiation sites for facial glands, including the thymus, parathyroid, and ultimobranchial bodies, often in combination with NCCs (Table 1) [4] . A thinning of the epithelium allows developing glands to detach from the underlying endoderm as they grow outwards. For the thymus and parathyroid, inhibition of Fgf signaling by Sprouty1 and Sprouty2 promotes gland detachment through local apoptosis of third pouch epithelial cells [43] . A similar process may occur during development of the thyroid, which detaches from the endoderm and migrates to more posterior positions along the ventral midline, a process promoted by Foxe1, Class 3 Hox genes, and unknown signals from adjacent blood vessels [24, 26, 44, 45] . In fish, cleft-pouch interfaces undergo several additional rounds of epithelial branching morphogenesis in intimate association with the arch vasculature to generate the gill filaments. Interestingly, gill filament branching in zebrafish requires gcm2, a gene previously known to specify the parathyroid in tetrapods [46, 47] . Rather than being confined to the third pouch as in tetrapods, zebrafish gcm2 is expressed in both ectodermal and endodermal epithelial cells at all pouch-cleft interfaces, with the ionic homeostasis function of the parathyroid thought to be distributed throughout the gills in fishes [46, 47] .
Derivatives of the first pouch and cleft also contribute prominently to the epithelial lining of the tympanic cavity and Eustachian tube of mammals (Table 1) [4] . Lineage tracing studies in mice have revealed an unexpected contribution of NCCs to the dorsal portion of the middle ear cavity epithelium [48] . During middle ear development, a portion of the endodermal epithelium is disrupted to allow entry of mesenchymal NCCs into the epithelial cavity, with NCCs then undergoing MET and fusion with endodermal cells to create a hybrid epithelium [48] . It will be fascinating to understand how these dynamic epithelial changes are choreographed in this process. In zebrafish, the first pouch does not contribute to a middle ear cavity, yet its continued morphogenesis is critical for the individuation of skeletal elements in the jaw [49] . The ventral elongation of the first pouch requires the activity of genes homologous to those implicated in Fraser Syndrome, a disfiguring blistering defect affecting the skin and other epithelia. Mutant analysis in zebrafish has revealed Fras1-mediated interactions between the first pouch epithelium and the basement membrane that are important for the ventral elongation of the pouch [49] .
Conclusions
Coordinated development of the face involves a wide range of epithelial behaviors, with cells transitioning across epithelial to mesenchymal phenotypes as tissues bend, move, come together, and fall apart. Future studies will be aimed at unraveling the genetic circuitry involved in generating such reproducible facial epithelial structures, as well as how defects in epithelial morphogenesis underlie many common facial birth defects. Advances in subcellular imaging in vivo, in particular in zebrafish, will allow mechanistic insights into the dynamic epithelial behaviors that drive development of the face. Indeed, there is still much to learn about how changes in cell-cell and cell-matrix adhesion, polarity, and the underlying cytoskeleton control the gain and loss of epithelial character, intermixing between tissue layers, and collective cell migration. The vertebrate head will be an especially rich system to understand how tissues from multiple different germ layers interact to generate epithelial structures of such diverse form and function. 
Figure 2. Epithelial behaviors during craniofacial development
Facial epithelia display a diversity of cell and tissue behaviors during development. Epithelial budding generates the endodermal pouches and thyroid, and likely the clefts and stomodeum as well. Fusions between endodermal and ectodermal epithelia are seen during primary mouth formation and at contacts between pouches and clefts. Detachment from the medial endoderm of the pharynx occurs for many of the glands, often followed by extensive migration down the neck. A mesenchymal to epithelial transition (MET) has been observed for NCCs contributing to the epithelia lining the mammalian middle ear cavity. Color-coded are endodermal epithelia (red), ectodermal epithelia (blue), and mesenchymal cells (green) of either mesoderm or neural crest origin.
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